Objective: Abnormal imaging in the patellar tendon reveals pathology that is often associated with knee pain. Anthropometric measures of body size and mass, such as height, weight and waist-to-hip ratio (WHR), have been individually associated with abnormal imaging. The aim of this study was to investigate the anthropometric factors that have the strongest relationship with abnormal imaging in volleyball players. Methods: Height, weight, body mass index (BMI), waist girth, hip girth and WHR were measured in a cohort of 113 competitive volleyball players (73 men, 40 women). The univariate (ANOVA) and multivariable (discriminant function analysis) association between abnormal imaging and these anthropometric factors were investigated. Results: No significant association was found in the female volleyball players. A significant univariate association was observed between abnormal imaging and heavier weight, greater BMI, larger waist and hip girth and larger WHR in the male volleyball players. Waist girth was the only factor that retained this association in a multivariable model (p,0.05). Conclusions: Men with a waist girth greater than 83 cm seem to be at greater risk of developing patellar tendon pathology. There may be both mechanical and biochemical reasons for this increased risk.
Objective: Abnormal imaging in the patellar tendon reveals pathology that is often associated with knee pain. Anthropometric measures of body size and mass, such as height, weight and waist-to-hip ratio (WHR), have been individually associated with abnormal imaging. The aim of this study was to investigate the anthropometric factors that have the strongest relationship with abnormal imaging in volleyball players. Methods: Height, weight, body mass index (BMI), waist girth, hip girth and WHR were measured in a cohort of 113 competitive volleyball players (73 men, 40 women). The univariate (ANOVA) and multivariable (discriminant function analysis) association between abnormal imaging and these anthropometric factors were investigated. Results: No significant association was found in the female volleyball players. A significant univariate association was observed between abnormal imaging and heavier weight, greater BMI, larger waist and hip girth and larger WHR in the male volleyball players. Waist girth was the only factor that retained this association in a multivariable model (p,0.05). Conclusions: Men with a waist girth greater than 83 cm seem to be at greater risk of developing patellar tendon pathology. There may be both mechanical and biochemical reasons for this increased risk. P atellar tendon pathology detected by abnormal imaging 1 may be present in 41% of competitive volleyball players. 2 3 In more than two thirds of these players abnormal imaging was associated with pain. 2 3 Players with patellar tendon pain and abnormal imaging may require several months away from sport or they may never return to their pre-injury level of competition. 4 5 However, few studies have investigated the treatment of this injury 6 7 and clinicians have limited management strategies. 8 Identification of risk factors for patellar tendon pathology may lead to preventive management or the early identification of injury.
There are likely to be some anthropometric risk factors for patellar tendon pathology. Anthropometric factors including taller height, 9 heavier weight 10 and a larger waistto-hip ratio (WHR) 11 have been shown in the literature to be associated with abnormal patellar tendon imaging. These factors indicate that larger body size and greater body mass may increase the risk of developing patellar tendon pathology.
Conversely, waist and hip girth were not found to be associated with abnormal imaging, but this was in a single study that only investigated female athletes. 11 Additionally, body mass index (BMI) is related to weight and height, but there is a paucity of evidence concerning the association between this factor and abnormal imaging.
Anthropometric factors related to body size and mass, such as weight and waist girth, are likely to be correlated. Some factors may only be associated with abnormal patellar tendon imaging by virtue of their association with another factor. For this reason, determining the factors most strongly associated with abnormal patellar tendon imaging may identify the most clinically-useful risk factors. Therefore, our main aim was to identify the anthropometric factors (height, weight, BMI, waist girth, hip girth and WHR) that have the strongest multivariable relationship with abnormal patellar tendon imaging among male and female volleyball players. We also investigated factors associated with this injury at the univariate level.
MATERIALS AND METHODS

Subjects
Male and female volleyball players were recruited from the Victorian State League competition in Australia. To minimise selection bias all players from all teams were invited to participate in the study. Players under 18 years of age were excluded because juvenile injuries, such as Osgood-Schlatter disease and Sinding-Larsen-Johansson syndrome, are difficult to differentiate from patellar tendon injury. 12 
Procedures
Potential anthropometric risk factors (weight, height and waist and hip girth) were assessed at the start of the volleyball season using protocols with acceptable intra-and inter-tester reliability. 13 14 The assessors were blind to the players' imaging and pain status.
An experienced musculoskeletal ultrasonographer performed bilateral patellar tendon ultrasound scans with a high resolution 12 MHz transducer (Siemens Accuson, Medical Solutions Inc., Malvern, Philadelphia, USA). The ultrasonographer was blind to the factor scores and current pain findings. Tendons were defined as abnormal if they contained a focal hypoechoic region evident in both the longitudinal and transverse images and/or appeared diffusely hypoechoic and thickened in the proximal tendon. Ultrasound imaging has been shown to be reliable in detecting abnormality within the patellar tendon. 15 
Data analysis
The outcome variable consisted of three groups: (1) normal imaging, (2) abnormal imaging unilaterally and (3) abnormal imaging bilaterally. Men and women were separated in all analyses because they differed significantly (p,0.05) among all anthropometric factors except for hip girth.
Descriptive data (mean, SD) were produced for each factor across the three groups for men and women. Analysis of Abbreviations: BMI, body mass index; ROC, receiver operator characteristic; WHR, waist-to-hip ratio variance determined whether there were significant differences between the group means for each factor. The a-level was Bonferroni-adjusted (a/c, where a = 0.05 and c = the number of comparisons) to accommodate for multiple comparisons (adjusted a = 0.01). 16 A trend was defined as being between 0.10 and the adjusted a-level (0.01). 16 Post-hoc tests (Student Newman-Keuls) were performed among significant univariate factors. Factors that were significant or showed a trend towards significance were entered into a forward-stepwise-discriminate function analysis.
Among factors that were significant in the discriminant model, receiver operator characteristic (ROC) curves were calculated in order to investigate the risk-factor score that most accurately discriminated between the two groups. A ROC curve plots the true-positive rate (sensitivity) against the falsepositive rate (one minus the specificity) for each possible cutoff score. The area under the ROC curve can be interpreted as the probability of the presence of a particular risk factor, correctly identifying a player in one of two groups from a pair of players, one randomly selected from each group. The area under the curve can range from 0.5 (no diagnostic accuracy) to 1.0 (perfect diagnostic accuracy). 17 The prevalence of abnormal imaging in the sample was noted and used to determine the pre-test odds of abnormal imaging unilaterally and bilaterally. For each significant risk factor, the risk-factor score derived from the ROC curve was used to calculate the relative risk of being in a particular group compared with another. For each of these risk factors, the pre-test and post-test probability of being in a particular group were also calculated and the absolute risk increase explained by the risk factor was determined.
Relative risk = probability of injury in probability of injury in the presence of the risk factor the absence of the risk factor
RESULTS
There were 113 volleyball players (73 men, 40 women) in the cohort. Descriptive data for each factor across each of the three groups are shown in table 1.
Weight, BMI, waist girth, hip girth and WHR were associated with abnormal imaging among men (p,0.01) (table 1). Among women, there was only a trend towards an association between BMI, weight, hip girth in the three groups (table 1) ; therefore post-hoc tests were only performed among men.
Post-hoc tests indicated that waist girth was the only factor that had an ordinal relationship with the three groups (p,0.05) (table 1). Men with abnormal unilateral or bilateral imaging were more likely to be heavier and have a larger BMI than men with normal imaging (p,0.05) (table 1). Men with abnormal imaging bilaterally were more likely to have a larger hip girth and a larger WHR than their counterparts who had either abnormal imaging on one side or normal imaging on both (p,0.05) (table 1) .
No factors were retained in the multivariable model among women. Among men, only waist girth retained significance in the multivariable model and explained 40% of the variance between the groups (table 2). Waist girth improved accuracy in classifying men into the groups by 18% compared with chance alone. Waist girth was strongly correlated with several factors (table 3) and this may explain why these factors were not significant in the discriminant model. A ROC curve was plotted to identify the waist-girth score that best discriminated between players with normal imaging and players with abnormal imaging either unilaterally or bilaterally (fig 1) . Men with abnormal unilateral or bilateral imaging were grouped together because the purpose was to investigate the waist-girth score that could identify abnormal imaging on one or both sides of the body. The area under the ROC curve between players with normal and abnormal imaging either unilaterally or bilaterally was 0.82. Based on the coordinates of the ROC curve, 83 cm was the waist-girth score that most accurately identified tendons with abnormal unilateral or bilateral imaging.
There was a post-test probability of approximately 74% that players with a waist-girth score greater than 83 cm had abnormal imaging on one or both sides (table 4) . By contrast, there was a post-test probability of 15% that players with a waist-girth score below 83 cm had abnormal imaging on one or both sides (table 4) .
DISCUSSION
This study investigated the association between various anthropometric factors and abnormal imaging in the patellar tendons of men and women. Waist girth was associated with abnormal imaging in the multivariable model, but only among men. This finding indicates that waist girth had the dominant statistical association with abnormal imaging and a greater likelihood of being involved in the development of tendon pathology, which is revealed by abnormal imaging. 1 Men with a waist girth greater than 83 cm were two and a half times more likely to have abnormal patellar tendon imaging on one or both sides.
Waist girth was also the only factor that demonstrated a significant ordinal relationship with abnormal unilateral and bilateral imaging-that is, players with bilateral abnormal imaging were likely to have a larger waist girth than players with unilateral abnormal imaging, who tended to have a larger waist girth than players with normal imaging. This dosedependent relationship between waist girth and abnormal imaging unilaterally and bilaterally strengthens the evidence that waist girth is associated with the development of tendon pathology and abnormal imaging.
Increased waist girth may have a mechanical influence on tendon pathology. Waist girth was significantly correlated with weight (table 3) , which is likely to reflect patellar tendon load. Load has been shown to stimulate an adaptive process within the tendon as it attempts to remodel and strengthen. 19 Tendon remodelling may fail when load is excessive and/or repetitive, resulting in tendon pathology. 20 As weight was not retained in the multivariate model, however, patellar tendon load may not entirely explain the association between waist girth and abnormal patellar tendon imaging.
Waist girth is a good measure of abdominal adipose tissue, 21 22 and this tissue releases free fatty acids into the circulation during adipocyte lipolysis, as well as pro-inflammatory cytokines. 22 Free fatty acids and cytokines have been linked to disorders such as heart disease and diabetes. 22 These biochemical substances may also adversely affect tendon function and metabolism 23 and predispose to pathology and abnormal imaging. Therefore, waist girth may have a biochemical as well as a mechanical influence on the development of patellar tendon pathology.
The association between waist girth and abnormal patellar tendon imaging may also be partly explained by sex hormones. Sex hormones, including oestrogen, influence the distribution of adipose tissue around the body. 24 Differential oestrogen levels contribute to greater adipose tissue stores around the waist in men (android body type) and the pelvis in women (gynoid body type). 24 Oestrogen receptors have been identified in human tendons, although their function is not clear. 25 It is possible that lower oestrogen levels may explain the link between a larger waist girth and abnormal patellar tendon imaging among men. However, WHR is likely to be a better indicator of body type and hormone levels than is waist girth, 24 27 but this factor was not significant in the multivariable model. This suggests that abdominal adipose tissue is likely to have a greater influence on patellar tendon health than oestrogen among men. Abdominal adipose tissue may partly explain the univariable association between heavier weight, greater BMI, larger hip girth, greater WHR and abnormal patellar tendon imaging as these factors were significantly correlated with waist girth (table 3) . The current findings also suggest that waist girth may partly explain the association between weight and patellar tendon injury in previous studies among male volleyball players that did not consider the influence of waist girth in a multivariable model. 10 28 The association between waist girth and abnormal patellar tendon imaging was not found among women. This may be explained by the relatively small sample of women in the study. There was, however, a trend towards an association between abnormal patellar tendon imaging and weight, BMI and hip girth among women. A previous study reported that WHR, but not waist girth, was associated with abnormal patellar tendon injury among female basketball players. 11 These findings suggest that waist girth may have less influence on tendon pathology and abnormal imaging among women compared with men. This may be because women are likely to deposit adipose tissue around their pelvis rather than their abdomen. 24 Adipose tissue around the pelvis is less metabolically active and releases lower levels of free fatty acids and cytokines than abdominal adipose tissue. 22 Based on the findings of this study, clinicians should consider waist girth when assessing risk of patellar tendon pathology among male volleyball players. Modification of other known risk factors, such as activity level 10 may assist in preventing tendon pathology and abnormal imaging among men with a waist girth greater than 83 cm. This is important as abnormal imaging may be associated with pain in two thirds of male volleyball players. 2 In addition, further research into the potential biochemical role of waist girth in tendon injury may reveal other treatment options.
A limitation of this cross-sectional study is that the anthropometric factors identified as being associated with abnormal imaging can vary in their magnitude over time and, therefore, may have developed secondarily to injury.
Prospective longitudinal studies are required to confirm that the significant factors are risk factors for patellar tendon injury. In addition, it is possible that the findings of this study may only apply to adult volleyball players, as the factors associated with abnormal imaging may vary among participants of different sports or age groups. The sample of women included may have also been too small to identify any significant associations between women.
CONCLUSION
Waist girth has a strong association with abnormal patellar tendon imaging and may be involved in the development of tendon pathology via mechanical or biochemical mechanisms. Players with a waist girth greater than 83 cm may be at increased risk of injury on one or both sides of the body. 
